F ilamentous fungi such as Fusarium and Aspergillus are an important cause of microbial keratitis in hot and humid regions of the world such as India and southern China, where agriculture-related activity is a major risk factor. [1] [2] [3] Although these organisms are not a frequent cause of disease in more temperate climates, an outbreak of Fusarium keratitis was reported in 2005 and 2006 in regions of the United States not usually associated with fungal keratitis 4, 5 and also in France, Hong Kong, and Singapore. 6 -9 A Centers for Disease Control (CDC) Fusarium investigation team reported 318 cases of Fusarium keratitis in the United States, of which 94% involved soft contact lens wear. 10 A subsequent CDC report reported an association with contact lens wear and that the number of cases of Fusarium keratitis dropped sharply after the withdrawal of a commercial lens care solution (ReNu with MoistureLoc; Bausch & Lomb, Tampa, FL).
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Fusarium attaches firmly to and can even penetrate soft contact lenses 12 ; therefore, the ability of Fusarium to form a biofilm on lenses or lens cases is a possible risk factor for developing keratitis. [13] [14] [15] We demonstrated previously that clinical isolates of Fusarium can form biofilm on soft contact lenses, that biofilm architecture depends on the type of contact lens, and that Fusarium growing as a biofilm is more resistant to antimycotics and contact lens solutions than are planktonic forms of the same organisms. 16 We also characterized the host response in the cornea in a prior study using a murine model of keratitis in which conidia are injected into the corneal stroma. 17 In the present study, we developed a model of contact lens-associated Fusarium keratitis, in which organisms are grown as biofilm on silicone hydrogel lenses and are then placed on an abraded mouse cornea. We found that Fusarium grown under those conditions, where hyphae rather than conidia are the stage of growth that infect the cornea, induce keratitis that is regulated by innate immunity, in particular by the IL-1 receptor, Toll-like receptor (TLR)-4, and the common adaptor molecule MyD88.
METHODS

Source of Fusarium
Fusarium oxysporum FOCS3-a strain (MRL8996) was isolated from a case of contact lens-associated fungal keratitis during the 2005 to 2006 outbreak, and was used in our previous studies on biofilm formation and in trauma-induced keratitis. 16, 17 Animals were managed according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Fusarium Culture and Biofilm Formation
Fusarium was cultured at 37°C in Sabouraud dextrose broth (SDB; Difco Laboratories, Detroit, MI) in a shaking incubator. For biofilm development, conidia were harvested from a 40-hour broth culture by standard filtration methods and counted, and 1 ϫ 10 6 conidia in PBS were incubated with lotrafilcon A contact lenses (purchased from CibaVision, Duluth, MN) for 90 minutes at 37°C (adherence phase). After the lenses were gently washed in 4 mL PBS, they were incubated in SDB at 37°C for 48 hours on a rocking platform (biofilm growth phase). We have reported that these culture conditions lead to development of densely packed, live hyphae on the contact lens, which were positive to tetrazolium XTT for live organisms and to concanavalin A (ConA), which stains mannan residues on the fungal cell wall and in extracellular matrix.
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Source of Mice
C57BL/6 mice and IL-1R1
Ϫ/Ϫ mice (6 -8 weeks old) were purchased from the Jackson Laboratory (Bar Harbor, ME). TLR2 Ϫ/Ϫ , TLR4 Ϫ/Ϫ , and
MyD88
Ϫ/Ϫ mice were obtained from Shizuo Akira (Research Institute for Microbial Disease; Osaka University, Osaka, Japan).
Murine Model of Fusarium
Biofilm-Induced Keratitis
Mice were anesthetized by intraperitoneal injection of 0.4 mL 2,2,2-tribromoethanol, and the corneal epithelium was subjected to either three parallel scratches or abrasion of a 1-mm diameter area of the central corneal epithelium (Algerbrush; Richmond Products, Albuquerque, NM), as described in our previous studies. 18, 19 A 2-mm diameter punch from the contact lenses with attached biofilm was then placed on the abraded corneal surface. After 2 hours in which the mice remained anesthetized on a heating pad, the contact lenses were removed. At each time point thereafter, corneas were examined by bright field microscopy, mice were euthanatized, and eyes were either homogenized and the number of CFUs was determined, or eyes were processed for histology.
Quantification of Fungi in Infected Eyes
Whole eyes were homogenized under sterile conditions in 1 mL PBS (Mixer Mill MM300; Qiagen, Valencia, CA) at 33 Hz for 4 minutes. A series of log dilutions were performed in replicate, and plated onto Sabouraud's agar (Difco). The plates were incubated at 37°C for 40 hours, and the number of CFUs (in the lowest dilution) was determined by direct counting. The lower limit of detection was 10 organisms.
Histologic Preparations
For histologic analysis, the eyes were fixed in formaldehyde and embedded in paraffin. Five-micrometer sections were stained by periodic acid-Schiff (PAS) solution (Sigma-Aldrich, St. Louis, MO), counterstained with hematoxylin, and examined by light microscopy.
Detection of Cytokines in the Cornea
Mouse corneas were excised using a 2-mm trephine, and corneal tissue was homogenized (Mixer Mill MM300; Qiagen) for 4 minutes at 30 cycles per second. After centrifugation, cytokine levels in soluble corneal extracts were determined by sandwich ELISA according to the manufacturer's directions (R&D Systems, Minneapolis, MN). Absorption was measured at 450 nm on a microplate reader (VersaMax with SoftMaxPro software 4.7.1; Molecular Devices, Sunnyvale, CA).
Statistics
Statistical significance (P Ͻ 0.05) was determined with either an unpaired Students t-test or ANOVA with the Tukey post hoc analysis for multiple comparisons (Prism 4; GraphPad, San Diego, CA).
RESULTS
Contact Lens-Associated Fusarium Keratitis in Normal and Immunosuppressed C57BL/6 Mice
We reported that biofilm architecture varies according to silicone hydrogel lens type and that a more adherent biofilm forms on lotrafilcon lenses than on other lens types. 16 Fusarium conidia were therefore incubated with lotrafilcon A silicone hydrogel contact lenses (CibaVision) for 2 hours and washed, and biofilm was allowed to develop over 48 hours, as described. 16 Figure 1A shows a fully developed biofilm imaged by DIC microscopy. Extracellular matrix, including mannan residues on hyphae, were detected by FITC-labeled ConA (Fig. 1B) .
To determine the role of the host response in development of keratitis, C57BL/6 mice were either left untreated (immunocompetent) or given systemic cyclophosphamide (immunosuppressed), the corneas were abraded, and a 2-mm diameter silicone hydrogel soft contact lens containing Fusarium biofilm was placed on the ocular surface for 2 hours (Fig. 1C) . The lens was then removed, and CFUs were assessed at day 1 to day 4. Figure 2A shows representative infected corneas of either normal, immunocompetent C57BL/6 mice, or cyclophosphamide-treated C57BL/6 mice. Immunocompetent C57BL/6 mice developed severe opacification within 24 hours, which progressed for 72 hours but did not develop into more severe disease. In contrast, immunosuppressed C57BL/6 mice developed severe corneal opacification, and the corneas were found to perforate by day 5 (not shown). Corneal opacification was not detected when uninfected contact lenses were added to an abraded cornea; furthermore, intact corneas incubated with Fusarium biofilm did not induce keratitis, indicating that the intact corneal epithelium is an effective barrier to infection. Figure 2B shows that in C57BL/6 mice with a 1-mm epithelial abrasion, the number of Fusarium CFUs decreased over 72 hours. In marked contrast, cyclophosphamide-treated mice showed no reduction in CFUs during this time period. The minimum number of conidia required for biofilm formation and for development of keratitis in cyclophosphamide-treated mice is between 1 ϫ 10 5 and 3 ϫ 10 5 /mL PBS, as shown in Figure 2C . Together, these findings demonstrate that the host response in immunocompetent animals inhibits growth and replication of Fusarium, thereby preventing corneal perforation.
Regulation of Contact Lens-Associated Fusarium Keratitis by IL-1R1 and MyD88
MyD88 is a common adaptor molecule in the signaling pathways of IL-1R1 and all TLRs except TLR3. 20 The role of IL-1R1 and My88 in contact lens biofilm-associated fungal keratitis was determined by abrading corneas of C57BL/6, IL-1R1 Ϫ/Ϫ , and MyD88
Ϫ/Ϫ mice with three parallel scratches, and placing contact lenses with adherent Fusarium biofilm on the corneal surface as before.
As shown in Figure 3 , the number of CFUs recovered from the C57BL/6 mice decreased at 24 hours and 48 hours, and Fusarium were not detected after 72 hours. In contrast, CFUs were significantly elevated in IL-1R1 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice, implicating a specific role for this pathway in killing Fusarium. Conversely, histologic analysis of C57BL/6 corneas (Fig. 4) showed a pronounced cellular infiltrate on days 1 and 2 after infection, comprised mostly of neutrophils (not shown). In contrast, cellular infiltration was impaired in MyD88 Ϫ/Ϫ and IL-1R1 Ϫ/Ϫ mice at 24 and 48 hours after infection. These observations indicate that IL-1R1 and MyD88 regulate neutrophil recruitment to the corneal stroma in addition to regulating fungal growth.
Dependence of CXCL1/KC Production on MyD88
Earlier reports from our laboratory and others noted that the neutrophil chemokine CXCL1/KC is rapidly produced in the corneal stroma and that neutrophil recruitment to this site is dependent on production of CXCL1 and on expression of CXCR2 on neutrophils. [21] [22] [23] [24] We therefore examined CXCL1 expression in corneas after exposure to Fusarium biofilm. Corneas of the C57BL/6 and MyD88 Ϫ/Ϫ mice were abraded by three parallel scratches, and a 2-mm diameter punch from a contact lens with attached Fusarium biofilm was placed on the corneal surface. After 3 hours, the corneas were dissected FIGURE 2. Biofilm-associated Fusarium keratitis in untreated and cyclophosphamide-treated C57BL/6 mice. C57BL/6 mice were either untreated or immunosuppressed by intraperitoneal injection of cyclophosphamide (CP). The corneas were abraded, and silicone hydrogel contact lenses (lotrafilcon) with Fusarium biofilm were placed on the ocular surface for 2 hours and examined at indicated time points thereafter. (A) Representative corneas of immunocompetent C57BL/6 mice, which were given a 1-mm-diameter abrasion, exhibited severe opacification on day 1 and day 2, and resolved after day 4. In contrast, corneas of CP-treated mice, which received three parallel scratches, showed increasing opacity, over time and perforation after day 4 (not shown). (B) Eyes of immunocompetent and immunosuppressed (CP) mice were enucleated on days 1 to 4, and CFUs were counted. Data points represent individual corneas and mice, and the data are combined from two repeat experiments. P Ͻ 0.05 between untreated and CPtreated mice at each time point except 5 hours. (C) The limit of detection of Fusarium colonies in CPtreated mice. Biofilm was generated with a starting inoculum as shown (1 ϫ 10 5 , 3 ϫ 10 5 , and 1 ϫ 10 6 conidia per mL PBS). Corneas were then abraded and incubated with contact lenses with adherent biofilm, mice were euthanatized and CFUs were counted on day 1. , and IL-1R1 Ϫ/Ϫ mice were abraded with three parallel scratches and exposed to contact lenses with adherent Fusarium biofilm. At each time point, the eyes were homogenized and the CFUs were assessed. Data points represent individual corneas and mice combined from two similar experiments. P Ͻ 0.05 between C57BL/6 and MyD88 Ϫ/Ϫ mice at 24 and 48 hours, and between C57BL/6 and IL-1R1 Ϫ/Ϫ mice at 24, 48, and 72 hours. and homogenized, and CXCL1 production was measured by ELISA.
As shown in Figure 5 , CXCL1 levels were significantly higher in biofilm-coated corneas than in the trauma control in which the corneas were similarly abraded and exposed to contact lenses with no biofilm. In contrast to the infected C57BL/6 mice, CXCL1 production in MyD88 Ϫ/Ϫ mice exposed to Fusarium biofilm was significantly reduced, indicating that this adaptor molecule is essential for production of CXCL1.
TLR4-Dependent Fungal Killing in Contact LensAssociated Fusarium Keratitis
In addition to IL-1R1, MyD88 is recruited to the TIR domain of all Toll-like receptors except TLR3. 20 Given that TLR2 and TLR4 mediate the host response to pathogenic fungi in other models of infection, 25, 26 we next examined their role in Fusarium keratitis. Corneas of C57BL/6, TLR2 Ϫ/Ϫ , and TLR4
Ϫ/Ϫ mice were abraded by three parallel scratches as before, and a silicone hydrogel lens punch with adherent Fusarium biofilm was placed on the ocular surface. After 24 hours, the eyes were homogenized and the number of CFUs was determined. As shown in Figure 6 , the mean CFUs in TLR4 Ϫ/Ϫ mice was Ͼ1 log higher than in the C57BL/6 and TLR2 Ϫ/Ϫ mice at 24 and 72 hours. There were no significant differences in corneal opacity or cellular infiltration between the TLR4 Ϫ/Ϫ and C57BL/6 mice (data not shown), indicating that TLR4 regulates fungal killing but not cell recruitment to the cornea.
DISCUSSION
Biofilm formation allows bacteria and fungi to reside within an environmental matrix that is relatively resistant to antimicrobial agents. 27, 28 Organisms can also form biofilm on abiotic surfaces such as catheters, contact lenses, and intraocular lenses. 27 For example, Candida albicans forms biofilm on catheters that is dependent on downregulation of alcohol dehydrogenase 28, 29 ; however, the biochemical basis for Fusarium biofilm formation has yet to be determined. We reported in a prior study that the morphology of Fusarium biofilm differs according to the chemistry and water content of silicone hydrogel contact lenses and noted that Fusarium forms a dense, tightly adherent biofilm on lotrafilcon A lenses. 16 In the current study, we demonstrated that incubation of lotrafilcon A lenses containing Fusarium biofilm with the abraded cornea resulted in the development of severe keratitis in immunocompetent C57BL/6 mice, with corneal opacification evident within 24 hours and remaining high for more than 72 hours. Histologic examination showed the biofilm on the abraded corneal epithelium, with hyphae present at the corneal surface, in the corneal stroma, and in the anterior chamber, having penetrated Descemet's membrane. Our findings also showed an intense neutrophil infiltrate in each of these sites, apparently from limbal and iris vessels. The tissue damage is most likely a result of secretion of proteolytic enzymes by Fusarium and by neutrophils. Neutrophils can also kill Fusarium and other filamentous fungi by binding to the hyphae and
FIGURE 4. Histopathology of Fusarium keratitis in MyD88
Ϫ/Ϫ and IL-1R1 Ϫ/Ϫ mice. C57BL/6, MyD88 Ϫ/Ϫ , and IL-1R1 Ϫ/Ϫ mice were given a 1-mm diameter corneal abrasion and a contact lens with adherent Fusarium biofilm was placed on the corneal surface, as described in the legend to Figure 1 . After 24 or 48 hours, the eyes were processed for histology and stained with PAS. Representative images of five mice per group are shown. Note that cellular infiltration of the corneal stroma was impaired in the MyD88 Ϫ/Ϫ and IL-1R1 Ϫ/Ϫ mice compared with that in the C57BL/6 mice. a/c, anterior chamber.
FIGURE 5. CXCL1/KC production in MyD88
Ϫ/Ϫ mice after infection with Fusarium biofilm on contact lenses. The corneas of the C57BL/6 and MyD88 ؊/؊ mice were abraded with three parallel scratches and exposed to lenses with adherent Fusarium biofilm. After 3 hours, the corneas were dissected and homogenized, and CXCL1/KC was measured by ELISA. Data are expressed as the mean Ϯ SEM of five mice per group and are representative of results in two experiments.
FIGURE 6. Fusarium keratitis in TLR2
Ϫ/Ϫ and TLR4 Ϫ/Ϫ mice. Corneas of C57BL/6, TLR2 Ϫ/Ϫ , and TLR4 Ϫ/Ϫ mice were abraded with three parallel scratches and exposed to contact lenses with Fusarium biofilm, as described in the legend to Figure 2 . At 24 and 72 hours, the eyes were homogenized and CFUs were assessed. Data points represent individual corneas in two separate experiments. P Ͻ 0.001; ANOVA at 24 hours between C57BL/6 and TLR4 Ϫ/Ϫ mice and between the TLR2 Ϫ/Ϫ and TLR4 Ϫ/Ϫ mice and 72-hour data between the C57BL/6 and TLR4 Ϫ/Ϫ mice.
secreting reactive oxygen species such as superoxide and hydrogen peroxide. 31 In addition to neutrophils, a recent study showed a role for macrophages in Fusarium keratitis, 32 and we found a role for macrophages in Aspergillus keratitis (Pearlman E, unpublished results, 2009).
Given that the incidence of infection is low despite the widespread presence of Fusarium in the environment, susceptibility is most likely related to trauma to the corneal surface that is sufficient to allow penetration of fungal hyphae on the contact lenses. Infection is also associated with poor lens care habits that can lead to development of biofilm. 12, 13 Earlier reports of experimental fungal keratitis showed an important role of the host response in regulating disease, as immunosuppressed animals showed impaired cellular infiltration of the cornea and impaired fungal killing. [33] [34] [35] [36] Our current findings using cyclophosphamide-immunosuppressed mice infected with Fusarium grown as biofilm on contact lenses are consistent with those reports, as the cyclophosphamide-treated mice had significantly impaired capability of killing the fungus. 36 We extended these studies by identifying specific mediators of the host cell response. We found that the IL-1R1 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice had a phenotype similar to that of the cyclophosphamide-treated mice, with uncontrolled fungal growth, leading to corneal perforation. MyD88 is an adaptor molecule that is recruited early in the signaling pathway of IL-1R1 and which serves as a platform for recruitment of IRAK, IRAK4, and TRAF6. Phosphorylation of these kinases leads to NFB formation and translocation into the nucleus and production of neutrophil chemotactic cytokines such as CXCL1. 37, 38 MyD88 is also essential for TLR2 and TLR4 signaling, and although TLR2 and TLR4 have no apparent role in the development of corneal opacification, TLR4 Ϫ/Ϫ mice have an impaired ability to clear the infection, implicating this receptor in fungal killing as. We reported similar results in a model of traumainduced Fusarium keratitis in which conidia are injected directly into the corneal stroma. 17 In that study, the TLR4 Ϫ/Ϫ and TLR2/4 Ϫ/Ϫ mice had impaired fungal clearance, although the organisms were eventually cleared. Taken together with current findings, we suggest that TLR4 expression on neutrophils is important in recognition and killing of fungal hyphae. 27 These independent observations demonstrate that despite differences in fungal biofilm and resident corneal cell type that recognize conidia and hyphae (Table 1) , there are common mediators that regulate the host response to fungal pathogens. Similar results were detected in a model of Aspergillus keratitis (Pearlman E, unpublished observations, 2009).
As noted earlier, epidemiologic evidence indicates that contact lens wear is a major risk factor for Fusarium keratitis in industrialized countries, whereas agriculture-related trauma is the primary risk factor for Fusarium and Aspergillus keratitis in the southern United States and in developing countries. Table 1 shows a comparison of contact lens-associated with trauma or agricultureassociated clinical manifestations based on the most likely life cycle stage that initiates infection and a comparison of the host responses as examined in our current and recent studies in murine models of Fusarium keratitis. 17 First, in Fusarium keratitis caused by biofilm on contact lenses, hyphae are in direct contact with the ocular surface and are therefore likely to be the invading life cycle stage. In contrast, trauma-and agriculture-associated disease is most likely due to penetration of conidia into the corneal stroma after injury. Conidia then germinate in the stroma and develop into hyphae, which actively penetrate the corneal stroma and anterior chamber. Although it is difficult to measure directly, there also appeared to be a greater fungal mass in the biofilm model than the trauma model in which 10,000 conidia are injected. Differences in host cell recognition of hyphae compared with swollen conidia may involve expression of fungal cell wall components such as ␤-glucan, which depends on the lifecycle stage of Aspergillus 26, 39 and likely also of Fusarium. Expression of dectin 1, which is the receptor for ␤-glucan, may also determine the outcome of disease. Future studies will focus on the role of pathogen-recognition molecules such as C-type lectins, which regulate pulmonary infections caused by Candida and Aspergillus species. 40 -43 Second, the host response will depend on which resident cells in the cornea recognize invading fungal pathogens at any stage. For example, the primary cells that respond to Fusarium hyphae on contact lenses are likely to be the resident population of Langerhans-like cells in the corneal epithelium, and a secondary responding cell population is likely to be the epithelial cells. In contrast, germinating conidia in the stroma are likely to activate resident stromal macrophages and dendritic cells as first-responder cells, with stromal fibroblasts, derived from activated keratocytes as the secondary responders. The role of resident bone marrow-derived cells may therefore determine the outcome of fungal infection, as we recently demonstrated in chimeric mice and fas-expressing macrophages and dendritic cells that resident bone marrow-derived cells are essential for LPS/ TLR4 -induced corneal inflammation. 44 Third, in the present study, as in trauma-induced keratitis, IL-1R1/MyD88 signaling regulated chemokine production and neutrophil recruitment in biofilm-induced keratitis (Table 1) , whereas TLR4, but not TLR2, regulated fungal killing. 17 Independent observations from both models strengthen the notion that the IL-1R1/MyD88 and the TLR4/MyD88 pathways are important in Fusarium keratitis.
Although we used a single clinical isolate of Fusarium oxysporum, human traumatic-and contact lens-associated Fusarium keratitis is also caused by F. solani. In future studies, we will examine other clinical isolates to determine whether there are differences in the host response. 
